We report an external solar power conversion efficiency of ∼1.43% in BiFeO 3 (BFO)/ BiMnO 3 (BMO) bilayer thin films. Both films are epitaxially grown on (111) oriented niobium doped SrTiO 3 (NSTO) single crystal substrates by pulsed laser deposition. By illuminating the BFO/BMO films under 1 Sun (AM 1.5 G), we found a remarkably high fill factor of ∼0.72, much higher than values reported for devices based on BFO or BMO alone. In addition, we demonstrate that the photocurrent density and photovoltage are tunable by changing the polarization direction in the BFO/BMO bilayer, as confirmed by the macroscopic polarizationvoltage (P-V) hysteresis loop. This effect is described in terms of a more favorable energy band alignment of the electrode/bilayer/NSTO heterostructure junction, which controls photocarrier separation.
Introduction
In semiconducting ferroelectrics (FEs), photons with an energy higher than the band gap of the material are absorbed to create an exciton, which then splits into electron-hole pairs. The latter are separated by the internal intrinsic electric field of the FE film and then collected by electrodes. The generation mechanism of this internal electric field in FE photovoltaic (FEPV) [1, 2] materials, also called photoferroics, is completely different from that which occurs at the p-n interface in traditional semiconductors [3] . Usually, the non-centrosymmetry [4] [5] [6] of FE crystals implies the presence of a spontaneous polarization accompanied by a depolarizing field in the opposite direction, with an effective magnitude about one order of magnitude higher than that in a p-n junction [7] . The PV effect in FEs was first observed about half a century ago. The polarization induced internal electric field was referred to as a generator of steady photovoltage and photocurrent [8, 9] . The photovoltage in p-n junction based PV cells is determined by the difference of the quasi Fermi energy level of photocarriers, generally less than the band gap (<1 eV). The total open-circuit voltage in PV devices is usually determined by the difference of work function between electrode-semiconductor-electrode interfaces. However, FE thin films exploit additional advantages in the devices, modulating barrier heights at the electrode-FE interface by using its intrinsic spontaneous polarization, thereby allowing one to tune the magnitude of the photovoltage in the structure [10] . FEs can even yield an above band gap photovoltage that clearly distinguishes them from conventional semiconductors, referred to as anomalous photovoltage [11] . However, the direction of photocurrent can be switched by reversing the polarization direction, which indicates its contribution to PV effects [12] . The typical generation of photocurrent is of the order of few nA cm -2 [2] . In addition, FEs exhibit an extremely low charge carrier mobility in the conduction band. Therefore, despite improvements in device engineering [2, 11] and photocurrent extraction techniques [13, 14] , the interest in FEPVs has been limited because of their very low power conversion efficiency (PCE), typically less than ∼0.5% under 1 Sun. Recently, several experimental approaches were developed to overcome these challenges, among which band gap-engineering of FE materials and band level alignments lead to efficiencies up to 8%, making these systems more suitable for efficient solar energy conversion [15] [16] [17] .
Employing multilayer PV devices with graded band gaps in perpendicular stacking on substrates could be an alternative approach to efficiently harness electricity from sunlight. The absorbance of a large range of the solar spectrum by grading the band gaps of materials in a device called a multi-absorber [17] leads to a high photocurrent generation and a corresponding high PCE. In addition, the formation of a band discontinuity including a Schottky barrier at the electrode-FE interface increases the driving force that effectively separates photocarriers in the devices [18, 19] .
So far, the most widely investigated multiferroic material for PV applications is BiFeO 3 (BFO). BFO is antiferromagnetic and a strong FE at room temperature and has a comparatively small band gap (2.3-2.8 eV) [20] unlike other FEs such as LiNbO 3 , BaTiO 3 or Pb(Zr,Ti)O 3 . Despite its large anomalous open-circuit voltage (V oc ) [21] that exceeds several times the band gap, the photocurrent density of BFO based PV devices is extremely poor (∼nA cm -2 ). BiMnO 3 (BMO) is another multiferroic which, in contrast to BFO, exhibits weak FE properties at room temperature and has a smaller band gap (∼1.2 eV) [22] , resulting in a larger light absorption coefficient. Overall BFO [23] and BMO [22] thin films exhibit extremely low PCE (typically less than 0.3% under 1 Sun), which limits their individual application in PVs. Therefore, in the context of enhancing the PV properties of devices, it would be interesting to combine the strong ferroelectricity of BFO with the low band gap of BMO in a single device heterostructure. Although it is still unrealistic to compete with mainstream silicon based solar cells, the realization of a material structure with high FE polarization and high light absorption coefficient can be an effective approach to enhance the overall PCE, provided the bands are properly aligned.
In this study, we combine BFO and BMO by growing BFO/BMO bilayer thin films sandwiched between top Sn doped indium oxide (ITO) electrodes and bottom Nb (0.5%) doped SrTiO 3 substrates (NSTO). We report the achievement of a relatively high PV PCE of ∼1.43% in the BFO/BMO bilayer thin films under 1 Sun illumination, which is higher than any PCE ever reported for individual BFO or BMO thin films (14.3 times higher than the relatively higher PCE of BMO under 1 Sun). The films are grown by pulsed laser deposition (PLD) on NSTO(111) and exhibit prominent FE behavior as demonstrated by both macroscopic and nanoscale measurements. We demonstrate that ferroelectricity plays a crucial role in the PV effect, as shown by the dependence of the photocarrier transport properties on the orientation of the spontaneous polarization. We describe the observed PV behavior by developing a model based on the energy band structure of all device components and show that band alignment is modulated by polarization switching. Our work opens new perspectives towards the enhancement of the PCE and fill factor (FF) in bilayer FEPV devices, which are promising candidates for future use in low power electronic device applications.
Experimental methods

Thin film growth
Heteroepitaxial BFO/BMO structures were grown on single crystal NSTO(111) substrates by PLD, using a KrF excimer laser with λ = 248 nm and a pulse duration τ = 15.4 ns (FWHM) from GSI Lumonics. Bi 1.4 MnO 3 and 10% Bi rich BFO targets were used to first deposit epitaxial BMO films on NSTO substrates, followed by BFO films. The PLD chamber was pumped to a vacuum level of 1 × 10 −6 mbar prior to deposition in both cases. In the case of the BMO films we used the following deposition parameters: laser fluence and pulse frequency were ∼1.5 J cm −2 and 3 Hz, respectively, and the substrate temperature was kept constant at ∼600°C under a partial oxygen pressure of ∼10 mTorr. Subsequently, the asprepared epitaxial BMO film was used as a template to grow BFO films. In this case, the laser fluence, pulse frequency, substrate temperature and partial oxygen pressure were ∼1.5 J cm −2 , 6 Hz, 600°C and ∼15 mTorr, respectively. The target to substrate distance was ∼5.5 cm in both cases. After each deposition, the as-grown films were cooled down to room temperature under a vacuum. The thickness of both films was 60 ± 10 nm, as estimated from x-ray reflectivity measurements. For electrical measurements, ITO top electrodes were deposited by PLD through masks on the surface of the as-grown film at ∼200°C. The surface area of the octagonal shaped ITO electrode for all devices was ∼0.003 cm 2 to 0.0009 cm 2 .
PV measurements
The PV properties of the BFO/BMO heterostructures were investigated by performing current-voltage (I-V) measurements both in the dark and under light illumination with a maximum power density of 100 mW cm −2 (AM 1.5 G) using a SS50AAA Solar Simulator (PET Photoemission Tech. Inc., USA). A computer controlled, Four-quadrant Source-Measure Unit (Model 2400 from Keithley Instruments Inc., Cleveland, OH) was used to apply an external bias and measure the current. Prior to each measurement, the pristine samples were poled by applying five 1 μs voltage pulses of magnitude -15 V (+15 V). To record the J-V curves, the bias was swept between +1 and −1 V, well below the FE coercive voltage, to prevent changing the polarization direction during measurement.
Ferroelectricity measurement
In piezoresponse force microscopy (PFM) experiments, the bias voltage between the top BFO surface and the NSTO substrates was applied using a conductive atomic force microscopy tip while scanning. The whole experimental set up has been described elsewhere [24] . We used the model 7265 DSP Dual Lock-in from Signal Recovery (a division of AMETEK, Inc., USA), to both excite the sample electrically and detect the response. Macroscopic FE measurement was performed using a Thin Film Analyzer (TFA 2000, aixACCT Systems GmbH, Germany) at room temperature to record polarization-voltage (P-V) hysteresis loops. A triangular wave was applied to bias the sample while recording the polarization response, at two different frequencies, to exclude the role of leakage.
Ultraviolet photoemission spectroscopy (UPS) measurement
To remove surface contamination, the sample was etched for 4 min using an Ar ion beam prior to UPS measurements performed using a VG Escalab 220i XL system from VG Scientific. The procedure reported in [25] was followed to determine the numerical value of the parameters.
Experimental results and discussion
Figure 1(a) shows the θ-2θ scan of x-ray diffraction (XRD) measurements, which reveals the preferential pseudo-cubic structure of (111) pc oriented BMO phases and (111) pc oriented BFO phases following the cubic (111) direction of the NSTO substrates. The BMO films also contain a small quantity of the Mn 3 O 4 (MO) phase oriented along the tetragonal (101) t direction, similar to that previously found in BMO composite films [22] . The Φ scan analysis around the NSTO (101) reflection suggests epitaxial growth of both films with a threefold symmetry, as shown in figure 1(b). In addition, the presence of the two phases, i.e. BFO and BMO in the film, is further confirmed by reciprocal space mapping around the STO (312) reflections, which clearly demonstrates two distinct spot reflections, as shown in figure 1(c) . The calculated in-plane and out-of-plane lattice parameters of BFO (a = b ≈ 3.924 Å, c ≈ 4 Å) and BMO (a = b ≈ 3.932 Å, c ≈ 4.1503 Å) from reciprocal space map (RSM) measurements suggests a pseudo-cubic tetragonal structure onto NSTO substrates.
The presence of ferroelectricity in the samples at the grain level is demonstrated by local electromechanical measurements using PFM, as shown in figures 2(a) and (b). The FE domains can be individually or partially switched by applying ±10 V voltage pulses, as shown in the marked area of figure 2(a). In addition, the recorded PFM hysteresis loop shown in figure 2(b) demonstrates a strong PFM response of the top BFO layer ( d 2 zz
, indicating that the top BFO layer contributes more to the PFM signal. This can be explained as follows: first, it is well-known that the PFM signal originates within the topmost few 10 s of nanometers under the tip, due to the highly non-uniform electric field [24, 26] . Second, the room temperature permittivity of BFO films is significantly smaller than that of BMO (∼130 [27] compared to ∼500 [28] ) at frequencies comparable to those used in our PFM measurement (10 kHz). Therefore, even in the case of a uniform electric field across the heterostructure, the relative voltage drop would occur mainly across the BFO layer. In our films, we inferred the permittivities from the slope of the FE hysteresis loops, measurements which also confirm the FE behavior at the macroscopic scale. The plots in figures 2(c) and (d) show macroscopic polarization hysteresis of the as-deposited bilayer heterostructures and of the as-grown BMO single layer, respectively. As can be clearly seen, the slope is almost zero (with an absolute error estimated around 20, due to leakage currents) for the heterostructure (figure 2(c)) while we estimate a value of ∼50 for the BMO layers only ( figure 2(d) ). In addition, the fact that the polarization of the heterostructure is much higher than that of BMO, and it switches, means that the voltage drop across the BFO component is sufficient to reverse polarization, implying (from the electrostatic boundary condition at the interface) that its permittivity is sufficiently low. This confirms our hypothesis that the PFM response originates mainly from the BFO layer. The BMO layer alone ( figure 2(d) ) exhibits a low remnant polarization (without leakage current compensation) of ∼1.33 μC cm -2 , well below that previously reported for similar films at room temperature [22] . The positive and negative coercive voltages measured are around ∼2.5 V and ∼−3 V, respectively. The loops shown in figure 2(c) exhibit almost the same coercive voltages (∼+3 V and ∼−4 V, respectively) at two different frequencies. In both P-V loops, an imprint was observed which probably originates from the presence of a small leakage or the effect of using different types of top and bottom electrodes. Therefore we conclude from the above discussion that the heterostructure exhibits large FE contributions from BFO films rather than from BMO itself.
The PV measurements were conducted by applying an appropriate voltage between the top ITO electrode and bottom NSTO electrode. The schematic diagrams of the electrical connection and current density-voltage ( J-V) curves of the samples are shown in figure 3 . The recorded photocurrent density and open-circuit voltage are ∼3.5 mA cm −2 and ∼0.56 V, respectively. The calculated PCE (η) is ∼1.43% with a high FF of ∼0.72 [η = V oc * J sc * FF where
The observed FF is slightly higher than that previously reported in FE oxide based PV devices (∼0.71 in BMO films). To evaluate the stability of the shortcircuit photocurrent, we observed its evolution over time as shown in figure 3(b) . We recorded the photocurrent as a function of time after each poling, under illumination. The top right inset of figure 3(b) shows the time dynamics of photocurrent density at the onset of solar spectrum on (off). The bottom left inset shows a schematic diagram of the electric circuit connection. The short-circuit photocurrent density ( J sc ) and opencircuit voltage (V oc ) of ITO/BMO/NSTO heterostructures were ∼0.23 mA cm −2 and ∼0.56 V, respectively, (PCE 0.1%) which we reported previously [22] . The recorded J sc and V oc of the ITO/BFO/NSTO heterostructure are ∼0.032 mA cm BFO/BMO/NSTO heterostructures are summarized in table 1. The resistance of the BFO/NSTO structure is believed to be higher than that of the BMO/NSTO structure (based on the polarization modulation of the barrier height and width at electrode interfaces) because of the higher density of bound charges of BFO (higher polarization). In addition, BFO has a large band gap (∼2.7 eV) compared with BMO (∼1.2 eV). Therefore, the photocurrent generation in BFO alone is lower than that of BMO, consistent with our results. The BFO/ BMO bilayer device generates higher J sc values (∼3.50 mA cm −2 ). Each layer in the device absorbs light at its own characteristic wavelength. High energy photons (∼2.7 eV in the visible range) are absorbed by BFO while BMO absorbs photons in the infrared spectrum (∼1.2 eV). As a result, the total photocarrier generation in the whole device structure is much higher. Since the presence of a secondary Mn 3 O 4 phase within BMO is detrimental for PV and FE performance [22] , mainly by increasing the trap density and thus changing the recombination rate as well as the electric field distribution, achieving a single phase BMO in the BFO/ BMO bilayers will further improve the PV device performance. To obtain a high effective photocurrent, an efficient photocarrier separation process is necessary before recombination. In our case, charge separation is achieved by the total electric field across the device generated by the band discontinuity at the interfaces along with the depolarization field of BFO and BMO (detailed in figure 5 ).
The FF depends on the parasitic resistance (the shunt and series resistance of a typical electrical circuit model) of a solar cell [29] . The series (R series ) and shunt resistances (R shunt ) extracted from the J-V curve of BFO/BMO bilayer devices are ∼25 Ω.cm 2 and ∼1.2 kΩ.cm 2 , respectively. The J-V curve of the BFO/NSTO device exhibits R series = ∼4.6 kΩ.cm 2 and R shunt = ∼45 kΩ.cm 2 while BMO/NSTO [22] yields values of R series = ∼220 Ω.cm 2 and R shunt = ∼30 kΩ.cm 2 . Generally, low series resistance and high shunt resistance are required to achieve high FF. The series resistance appears in the cell mainly due to the movement of carriers across the cell, the contact resistance at electrodes, and the resistance of the electrodes themselves. Conversely, the presence of a shunt resistance is typically due to the defects present either inside the film or at interfaces which may provide an alternative path for the light generated current, thus lowering the power generated by the device. The efficiency of charge collection inside a structure before carrier recombination, which can be tuned by the parasitic resistance, depends on the charge carrier mobility of the films, the internal electric field sweeping the carriers to their respective contacts and the carrier recombination rate. In our devices (BMO, BFO and bilayer based) we used the same electrodes (thus we assume a similar order of magnitude of electrode resistance), however, the contact and film resistances are different. Considering the electric field that arises at the interfaces from Schottky contact and band discontinuity (see figure 5) , single BMO and BFO/ BMO bilayer based devices exhibit similar total electric fields. Thus the contact resistance at thermal equilibrium should be equal in both cases. Although BFO exhibits low contact resistance, it has a high film resistance compared to BMO. Therefore it is expected to exhibit a high photocarrier recombination rate in BFO, which lowers the device's FF. Nonetheless, generally the carriers tend to accumulate at the interfaces in the case of low carrier mobility materials, with a low internal field and sharp, high quality interfaces across the structure [30] , and the charge trapping at the interface increases recombination loss, thus further lowering the FF. In the case of the BFO/BMO bilayer structure, we measured a relatively low surface roughness of the bottom BMO layer of 2.5 nm over an area of 10 × 10 μm 2 ( figure S2 ). This is a prerequisite factor for the establishment of a smooth, defectfree interface. The smooth interface between BMO and BFO was also proven by preliminary cross sectional transmission electron microscopy experiments (not shown here). Given that the top BFO layer is epitaxially grown (figure 1) and taking into account the relatively low lattice mismatch between BMO and BFO (∼0.8%) we believe that the possibility of high charge trapping at the BFO-BMO interface is low, and that this leads to a lower recombination loss resulting in an improved FF (0.72).
We performed optical measurements to study the absorption properties of the film. Room temperature ellipsometry was carried out in the range of 1.25-3.35 eV at five angles of incidence (i.e. 55, 60, 65, 70 and 75°). The absorption coefficient α = 4πk/λ (where k and λ denote the extinction coefficient and wavelength, respectively) is presented as a function of photon energy in figure 4 .
As seen in figure 4(a) , the optical absorption threshold of BMO is ∼1.50 eV while that of BFO is ∼2.40 eV. From the (αE)
2 versus photon energy plot we calculate a (1.2 ± 0.1) eV band gap for BMO and (2.7 ± 0.1) eV for BFO. These values match those previously reported from the analysis of BFO [31] and BMO [22] optical absorption spectra.
To further elucidate the characteristics of open-circuit voltage (V oc ) and short-circuit current ( J sc ), we studied the possible interface effects of the built-in-fields and the depolarization fields within the BFO and BMO layer. In this regard, energy band alignment has been studied using UPS on the bilayer device. Figure 5 (a) shows the UPS spectrum of BFO, BMO and that of a gold reference, using a 21.22 eV source for excitation. The extracted parameters from the UPS data are shown in table 2.
Based on the UPS measurements, we constructed the energy band diagram of our ITO/BFO/BMO/NSTO heterostructure as shown schematically in figures 5(b), (c). We assumed ideal interfaces, neglecting the charge traps at the film-electrode interfaces [34] . Based on the position of the Fermi energy (E F ) and the band gap of BFO and BMO extracted from ellipsometry measurements, we considered the BFO and BMO layers as n-type semiconductors. This assignment is justified by the very probable presence of oxygen vacancies, generally observed in Bi based perovskite thin films [35, 36] . In the case of doped STO we used the electron affinity and band gap from previous reports [33] that depict this material as an n-type semiconductor, since it is able to generate excitons under illumination [37, 38] . At thermal equilibrium, band bending and band discontinuities occurred at all interfaces of our heterostructure due to the differences in work functions, valence band and conduction band offsets. Each of these discontinuities has an associated electric field, as illustrated in figure 5(c) , where we show the Schottky barrier induced field (E 1 ), the band discontinuity induced electric fields (E 2 and E 3 ), the possible orientation of spontaneous polarization and its associated depolarization field (E dp ). These electric fields influence the movement of photogenerated electron-hole pairs and thus control the direction of the photogenerated current flow. According to our model, the net effect resulting from the formation of the interfacial junction between layers and the Schottky junction at the film-top electrode, is an electric field oriented upward (towards ITO), which is crucial for the separation of photogenerated charge carriers. The theoretically calculated net internal potential is ΔΦ B = ITO/BFO/BMO/ NSTO = ∼0.62 eV. This value is slightly higher than our experimentally measured photovoltage (V oc ) of ∼0.56 eV, and we attribute the difference to the finite shunt resistance, surface states and other parasitic effects, i.e. connecting wire resistance, capacitance, inductance, etc, that are likely to appear while characterizing the devices.
Our estimates show that the Schottky field (ITO/BFO) is the highest among the other fields in the whole structure. Generally, the current flow is dominated by one type of carrier and typically, if the barrier height for holes is ∼0.2 eV larger than that of electrons, the hole current will be approximately a factor of 10 4 smaller than the electron current [39] . Therefore, since the barrier height for holes is larger than the electron barrier height in our structure, current flow is dominated by electrons driven towards STO. Additionally, the net depolarization field originating from the spontaneous polarization of BFO and BMO layers modulates the Schottky barrier and interface generated electric fields, further increasing the short-circuit current when the polarization is oriented towards STO.
We denote the polarization in the BMO and BFO films by P 1 and P 2 , respectively, where P 2 > P 1 . If P 2 = P 1 = 0 at thermal equilibrium, space charges accumulate at interfaces, as shown in figure 6 , resulting in the electric fields depicted in figure 5 (c). When P 2 , P 1 ≠ 0 and the polarization is aligned towards the top or bottom electrodes as depicted in figure 6 , the polarization bound charges accumulate at the ITO-BFO, BFO-BMO and BMO-NSTO interfaces. Due to the incomplete screening of these bound charges, a depolarization field with an opposite direction to the polarization is developed in both layers, thus leading to an additional energy band bending at the interfaces [40] . In the case of up poling (towards ITO), the Schottky barrier will be higher, resulting in a higher magnitude of E 1 due to the effect of bound charges. Similarly, the bound charges at the BFO-BMO interface will reduce the electric field E 2 , while at the interface with the substrate, E 3 is slightly increased. Since P 1 is relatively small, the modulation effect on E 3 will not be significant. For opposite poling, E 1 and E 3 will be lower, whereas E 2 will be higher. As a result, the net electric field will be flipped down towards the bottom electrodes. Therefore, during up poling the short-circuit photocurrent will be higher, as shown in figure 3(a) . For the same reason, the short-circuit photocurrent is relatively small while down poling. In addition, the incomplete polarization switching together with the relatively high resistance developed at the BFO-BMO interface due to polarization modulation [41] might explain the reduced values of J sc and V oc , as evidenced in the J-V curve in figure 3(a) . When comparing the band alignment of ITO/BMO/BFO/NSTO with that of ITO/ BFO/BMO/NSTO, we find that in both cases, the net internal potential is equal (ΔΦ B = ∼0.62 eV), however, the photocurrent generation will be higher in the BFO/BMO structure due to the grading of the band gap (illuminated from the ITO side). Nevertheless, the estimation of the magnitude of each built-in field set up, including the depolarization field, is needed to measure the exact magnitude of the net electric field set up across the device structure. This will be the subject of future studies.
Conclusions and perspectives
In summary, we report enhanced PV properties in epitaxial BFO/BMO heterostructures deposited by PLD on (111)-oriented Niobium doped STO substrates. We measured a PCE of ∼1.43% under 1 Sun simulator illumination (AM 1.5 G). Besides the comparatively high PCE (∼14.3 times higher than BMO), a relatively high FF (∼0.72) along with a high PFM response were observed, compared with individual single layers of BFO and BMO. To describe the PV effect in this system, we employed a traditional interfacial model (interface generated electric field), which is significantly affected by the spontaneous polarization. However, the optimization of the thickness of each layer and the possible interfacial layer mixing could be interesting topics in terms of obtaining high absorption of sunlight. Along with these perspectives, further studies are under way to elucidate the coupling of the two FE layers at their interface, the complex interplay between the metal-FE interface and the FE polarization involved in this device architecture.
